Background: Pregnancy promotes physiological adaptations throughout the body mediated by the female sex hormones. Results: Pregnancy promotes switching of skeletal muscle to a glycolytic phenotype through the smoothelin-like protein 1 transcriptional cofactor. Conclusion: Deletion of SMTNL1 is able to mimic the effect of pregnancy in mice. Significance: Novel mechanism to explain insulin resistance during pregnancy.
roid hormones estrogen and progesterone (6) . Both progesterone receptors (PR) and estrogen receptors (ER) are expressed in SKM, but their function and relevance have yet to be defined (7) . Some direct links between the effect of progesterone and estrogen on SKM come from studies on pregnancy-induced insulin resistance. The increased glucose requirements of the gravid uterus during pregnancy are thought to necessitate major adjustments in glucose production and utilization by maternal SKM, adipose, and other tissues. This is the reason why normal pregnancy is associated with the development of insulin resistance, which is thought of as a means by which the mother can supply the developing fetus with sufficient glucose for growth. However, in 2-4% of all pregnancies, this condition progresses to a type II diabetic state known as gestational diabetes and becomes a complication of pregnancy. At the midterm of pregnancy both SKM and adipose tissues show insulin resistance (8) , but the underlying molecular mechanisms that promote this response are unknown. These mechanisms have been speculated to be linked to increased circulating insulin levels promoted by an increase in the number and mass of pancreatic ␤ cells induced by progesterone (9) .
Smoothelin-like protein 1 (SMTNL1) plays a role in mediating exercise-induced adaptations in both smooth and SKM that are sex-dependent (10) . For example, striated muscle in male smntl Ϫ/Ϫ mice exhibit an endurance phenotype, whereas female null mice exhibit a more glycolytic phenotype (11) . Pregnancy was also found to induce the expression of SMTNL1 in tissues such as uterine and vascular smooth muscle and sex hormone-related tissues. In uterine smooth muscle, SMTNL1 plays a major role in pregnancy to promote adaptive responses, and this process is specifically mediated through interactions of SMTNL1 with the steroid hormone receptor PR-B. In vitro and in vivo SMTNL1 selectively binds PR and does not bind other steroid hormone receptors. This suggests that SMTNL1 is a bifunctional co-regulator of PR-B signaling and thus provides a molecular mechanism whereby PR-B is targeted to alter gene expression patterns to coordinately promote alterations in uterine smooth muscle function during pregnancy (12) . Based on these observations we have speculated that SMTNL1 could function as a transcriptional regulator of SKM differentiation and plasticity; this putative role is evident by the nuclear localization of the protein upon phosphorylation at serine 301 by protein kinase G/A and by the presence of a number of regulatory transcription factor binding sites in the promoter region of smtnl1 (13) . In this study we show that pregnancy induces switching of SKM to a glycolytic phenotype and this effect is mediated through SMTNL1. A range of proteomic, global gene array, and metabolic studies in wild type (WT) and smtnl1 Ϫ/Ϫ mice support this hypothesis. The finding that deletion of SMTNL1 promotes fiber specific expression of both ER and PR suggests that these events are likely to be mediated through progesterone or estrogen during pregnancy. We suggest that in SKM, these events are natural adaptations of normal pregnancy and potentially infer evolutionary advantages to the mother by increasing her ability to store fat and her physical strength to carry the developing fetus.
Experimental Procedures
Antibodies-Semi-quantitative Western blotting (SQ-WB) was performed with antibodies specific for PR (Abcam), ER␣ (Santa Cruz), SMTNL1, SMTNL1 S301A (Proteintech Inc.), MYPT1 (D. J. Hartshorne, University of Arizona), tubulin (Sigma), anti-Glut4 (Santa Cruz Biotechnology), anti-IRS1 (Cell Signaling Technology), anti-MHCI (14) , anti-MHC2a, anti-MHC2b (14) , and Developmental Studies Hybridoma Bank, University of Iowa). The specificity of MHC antibodies has been established before (10, 14) .
Mouse Colony Maintenance and Pregnancy Studies-Congenic 129 SvEv smtnl1 Ϫ/Ϫ mouse were created as described (10) . Pregnancy and pseudo-pregnancy studies were conducted as described (11) . For pregnancy studies 8-week-old mice were sacrificed at days 14 -17. Animal studies were approved by the Duke University Institutional Animal Care and Use Committee. ERKO mice were housed, and tissue sections were dissected at NIEHS/National Institutes of Health, Research Triangle Park, NC. Procedures involving humans were approved by the University and Medical Center Institutional Review Board at East Carolina University.
Intraperitoneal Glucose Tolerance Test-An intraperitoneal glucose tolerance test was performed at 5-6-week-old animals using smtnl ϩ/ϩ and smtnl Ϫ/Ϫ non-pregnant and 14-day pregnant animals. After a 12-h fast, mice were injected intraperitoneally with glucose (2 mg/kg body weight). Blood glucose levels were determined from tail vein blood at 0, 30, 60, and 120 min after the glucose injection by Ascensia Breeze Blood Glucose Monitoring System.
Microarray-RNeasy Lipid Tissue Mini kit (Qiagen) was used to isolate total RNA from the plantarus skeletal muscle of wild type and/or smtnl1 Ϫ/Ϫ of pregnant (day 17) and/or nonpregnant mice according to the manufacturer's protocol, and RNA were stored in liquid N 2 at Ϫ80°C until further processing. The quantity and quality of RNA were assessed using a NanoDrop ND-1000 spectrophotometer and an Agilent Bioanalyzer and samples with an RNA Integrity number (RIN) Ͼ7 were only used for further analysis. For microarray hybridizations, 100 ng of total RNA was amplified and labeled using the MessageAmp Premier Kit (Ambion). Equal amounts of labeled cRNA were hybridized to the Affymetrix Mouse Genome 430 2.0 microarray (Affymetrix) according to the manufacturer's protocol. Partek Genomics Suite 6.4 (Partek Inc., St. Louis, MO) was used to perform data analysis. Robust multi-chip analysis normalization was done on the entire data set. Multiway analysis of variance and -fold change were performed to select target genes that were differentially expressed between the different comparisons (i.e. WN versus KN, KN versus KP, WP versus KP, WN versus WP). Top differentially expressed genes were selected with a p value cut-off of 0.05 based on the analysis of variance test and -fold change cutoff of Ն2. Gene Ontology Enrichment analysis on the gene lists was performed with 2 test and limited to functional groups with more than two genes. Hierarchical Clustering was performed on differentially expressed genes based on Average Linkage with Pearson's Dissimilarity. Additionally, the gene lists were analyzed using the GeneGo software for obtaining pathway maps, biological networks, and diseases relevant to the list. All microarray experimental results are available at the Duke Microarray facility website.
Biochemical Assays and Semi-quantitative Western blot Analysis-Tissue samples were frozen in liquid N 2 at the time of harvest, stored at Ϫ80°C, and homogenized as described (10) . Densitometry of the blots was performed, and scans were analyzed by the Volume Analyze feature of the Molecular Analyst Software (Bio-Rad) and Image J. The density of the protein of interest was normalized to tubulin and plotted as relative numbers except for the Western blot analysis of SMTNL1 phosphorylation when density data were also normalized to the SMTNL1 expression. All IP procedures using anti-ER␣, -PR-B, and SMTNL1 antibodies were carried out as described (15) .
Immunohistochemistry and Fiber Typing-Immunohistochemistry and fiber typing of mouse tissues were performed as described previously (10, 14) . Human rectus abdominis samples of premenopausal patients of hysterectomy (non-pregnant) or C-sectioning (pregnant) and sections of vastus lateralis biopsies of age-matched healthy women were treated similarly. Images taken on a Zeiss LSM 510 confocal laser scanning microscope were processed using LSM 5 Examiner software program. For detection of glycogen, Periodic Acid Schiff staining (Sigma) was applied on mouse and human skeletal muscle tissues following the instructions of manufacturer, and the density was measured by Image J software and normalized to the data of WT non-pregnant tissues. A representative set of images of n ϭ 5-7 experiments is shown in the figures.
Proteomic Studies-Plantaris samples of WT and SMTNL null mice in days 0 and 14 of pregnancy, for proteomic analysis as described in samples of WT and SMTNL null mice in days 0 and 14 of pregnancy, were homogenized in a glass homogenizer in sample buffer (5 M urea, 4% CHAPS, 1 mM DTT) and centrifuged at 15,000 ϫ g for 15 min as described before (16) . Samples were subjected parallel to multi-dimensional proteomic analysis using micro anion-exchange separation, one-dimensional SDS-PAGE, and LC-MALDI TOF-TOF MS/MS analysis. Proteins were visualized with silver-staining, and gels were dried. Proteins showing increased recovery between each condition were excised for identification by MALDI-TOF TOF mass spectrometry (supplemental Table S1 ). Changes in individual proteins were determined using a combination of densitometry and iTRAQ (17, 18) (supplemental Table S1 ).
Comprehensive Laboratory Animal Monitoring System (CLAMS)-Seven-to eight-week-old either pregnant or nonpregnant 129 WT and smtnl1 Ϫ/Ϫ mice were fed a normal diet (5001 chow) and were individually housed for 1 week to acclimate them to individual housing. Mice were then placed into individual CLAMS (Columbus Instruments, Columbus, OH) cages and acclimated for 24 h. Data collection consisted of 48-h feeding/24-h fasting/24-h re-feeding phases. Mice were monitored over 4 days. File displays were collected every 20 min for oxygen consumption (VO 2 , volume of oxygen consumed; ml/kg/h), VCO 2 (volume of carbon dioxide produced, ml/kg/ h), RER (respiratory exchange ratio, the respiratory quotient of VCO 2 /VO 2 , indicative of macronutrient utilization), heat (kcal/h), accumulated food (g), accumulated drink (g), XY total activity (all horizontal beam breaks in counts), XY and Z activity, and substrate utilization, estimated by the RER in fasting or feeding conditions.
Statistical Analysis-Data were normalized by taking values obtained for WT males as 1 and by calculating a corresponding proportional value for WT females and both sexes of KO mice. Normalized data were analyzed by t tests (for two groups) or by general linear models (GLM, for Ͼ2 groups). Parametric statistical tests were used if the assumptions of such tests were met; otherwise, we log-transformed data for analyses. In GLMs, we tested all possible interaction terms and report here the final models obtained by excluding non-significant (p Ͼ 0.05) interactions. When any covariate or factor was significant in GLMs, we applied Tukey's HSD procedure to test for pairwise differences in group means. Tests were conducted in the R statistical environment (R Development Core Team 2008).
Results

Pregnancy and SMTNL1 Regulate Glycolytic Fiber Switching in Mice and Humans-To investigate the sex-related differences in female smtnl1
Ϫ/Ϫ mice, we conducted Western blot analysis and fiber typing experiments in pregnant animals. Because exercise induces fiber transformation in non-pregnant animals, pseudo-pregnant mice were also examined to discriminate between the physical effects of increased weight gain of the pregnant mother from the effects of hormonal regulation of SKM. Pseudo-pregnant mice proceed with the normal hormonal changes observed in fully pregnant animals but do not experience weight gain from the developing fetal mice in utero. Pregnancy and pseudo-pregnancy promote a 2.2-fold increase of SMTNL1 expression within the mixed fiber plantaris muscle compared with non-pregnant females (t max day 16 Ϯ 2) (Fig.  1A) . Fig. 1B shows that pregnancy induces the phosphorylation (t max day 12 Ϯ 2) of SMTNL1 at Ser-301. Previously we demonstrated that in vivo SMTNL1 localization is highly regulated, and phosphorylation at Ser-301 promotes translocation from the cytosol to the nucleus (11), suggesting its potential role as transcriptional cofactor (12) . Western analysis of MHC2a and -2b levels showed increased expression of MHC2b in response to both pregnancy and SMTNL1 deletion with concomitant reduction in MHC2a expression (Fig. 1, C and D) . These expression changes were also mimicked in pseudo-pregnant mice, suggesting that these effects are regulated by the primary sex hormones rather than to physical stress arising from the developing fetal mice (Fig. 1, C and D) . Detailed fiber typing of MHC isoform expression by immunohistochemistry (IHC) of SKM from non-pregnant WT females showed that SMTNL1 expression was confined only to type2a muscle fibers in murine plantaris muscle (Fig. 1E) , which was also confirmed in human SKM (Fig. 1G ). By day 13 of pregnancy, SMTNL1 expression was greatly increased, which implied that pregnancy promoted increased numbers of type2a fibers. However, IHC of MHC2a expression showed a decline in the mean proportion of type2a fibers (Fig. 1E ). This phenomenon was more pronounced in SKM from pregnant female smtnl1 Ϫ/Ϫ mice, which showed a Ͼ10% decline in type2a fibers relative to WT littermates ( Fig. 1 , E-I). Although SMTNL1 is not expressed in "bona fide" type2b fibers, co-staining experiments with anti-MHC2a and -MHC2b suggested that staining of SMTNL1 can also be found in fibers undergoing type2a/type2b transition (see arrows in Fig. 1E ).
If pregnancy and SMTNL1 deletion reduces MHC2a expression, this raises the question of whether these conditions concomitantly increase MHC2b levels and numbers of type2b fibers? Quantitative Western blot analysis and IHC with antiMHC2b suggested that pregnancy and pseudo-pregnancy induced a 15-20% increase in proportion of type2b glycolytic , and MHC2a/2b in abdominis rectus muscle isolated from women undergoing hysterectomy (non-pregnant control) or C-section (as pregnant) suggested that pregnancy was also likely to promote similar fiber switching in humans (Fig. 1G) . Pregnancy or pseudo-pregnancy did not affect the expression of MHCI, the marker of oxidative slow type 1 fibers. The decrease of protein expression of type2a marker MHC2a was only tendentious significant, whereas that of MHC2b increased by 20%, indicating that fibers switched from oxidative to the more glycolytic phenotype in human pregnant SKM. The increased type2b content in pregnancy is accompanied by a 24% increase in glycogen content (Fig. 1H ). These data suggest that pregnancy promotes the transformation of SKM fiber type to a more glycolytic phenotype in mice and humans and that SMTNL1 may play a regulatory role in this process.
The Effects of SMTNL1 Deletion and Pregnancy on Global Gene Expression in Skeletal
Muscle-Given the observations that both SMTNL1 and pregnancy promote changes in the mean total fiber composition of SKM, we carried out global gene analysis to determine the extent of this switch in four experimental groups (smtnl1 Ϫ/Ϫ , pregnant WT, and pregnant smtnl1 Ϫ/Ϫ groups were compared with non-pregnant WT). A total of 1384 genes were differentially expressed between the groups. Specifically, the comparison of WT non-pregnant mice versus smtnl1 Ϫ/Ϫ non-pregnant mice identified 195 genes, whereas the comparison of WT non-pregnant mice and WT pregnant mice resulted in 1261 genes expressed differently. The expression of 72 genes was related specifically to both pregnancy and SMTNL1 deletion ( Fig. 2A) . Complete lists of genes for all four comparisons are available at the Duke Microarray facility website. We also conducted Gene Ontology (GO) category enrichment analyses to determine the molecular function of GO terms ( Fig. 2A) . Based on their biological functions, these genes play a role in cytoskeleton organization, calcium binding, regulation of metabolic processes and steroid synthesis, immune function, and growth regulation. Fifty percent of the genes altered by SMTNL1 deletion were related to transcrip- tional regulators, and the remaining 50% included structural molecules (23%) and enzyme regulators (15%) (Fig. 2A) . We performed hierarchical clustering on all differentially expressed genes using average linkage with Pearson's dissimilarity and present the number of induced and repressed genes in a heat map (Fig. 2B) . Genes with significant changes in expression were assigned to different canonical pathways and subjected to GeneGo Analysis. Pregnancy was found to be largely related either to metabolism such as glycolysis-glyconeogenesis, fatty acid synthesis, or contractile proteins or signaling pathways involving prostaglandin and steroid synthesis and nuclear hormone receptor signaling (Table 1) . SMTNL1 deletion caused mostly the up-regulation of signaling pathways of nuclear receptors and skeletal/smooth muscle contraction. The altered canonical pathways and the up-and down-regulated genes of signaling are listed in Table 1 .
Proteomic Analysis Confirms Switching of SKM to a Glycolytic Phenotype in Response to Pregnancy and SMTNL1
Deletion-Multidimensional proteomic analysis showed that pregnancy promoted a striking and specific induction of several glycolytic enzymes and contractile proteins, the expression of which is specifically associated with type2b fibers (Fig. 3) . In particular, 32% of the induced proteins are required for glycolysis (i.e. hexokinase, 6-phosphofructokinase, and aldolase), whereas others are associated with glycogen storage, e.g. glycogen phosphorylase and amylo-1,6-glucosidase. Additionally, ϳ42% of the induced proteins were contractile proteins associated with fast twitch fibers such as MHC2b, fast twitch forms of troponins, fast twitch myosin light chains, and fast-type myosin-binding protein C, established markers of type2b fibers (supplemental Table S1 and Figshare/SMTNL1). Our proteomic data are consistent with the result of the microarray analysis and support the hypothesis that during pregnancy female mice adapt their skeletal muscle to a glycolytic phenotype. The finding that these pregnancy-induced adaptations are less emphasized in SMTNL1-deleted tissues suggests that the protein may regulate this process.
SMTNL1 Regulates the Expression of ER␣ and PR-B-It has been established that SMTNL1 is expressed in smooth muscle as well as in reproductive tissues and that it is regulated through pregnancy (12) . This observation supports links between the protein and steroid hormone action. Although both estrogen and progesterone clearly mediate adaptations in vascular and uterine smooth muscle, SKM is not generally recognized as a target of these hormones. We, therefore, examined PR and ER expression in SKM from smntl1 Ϫ/Ϫ and WT mice. Western blot analysis of WT plantaris muscles showed that pregnancy induced a 1.5-fold increase in ER␣ expression by day 13. Remarkably, basal levels of ER␣ were induced 4 -5-fold over WT levels in SKM isolated from non-pregnant smtnl1 Ϫ/Ϫ and 10 -15-fold over WT levels in pregnant smtnl1 Ϫ/Ϫ mice (Fig.  4A) . PR (A or B) was barely detectable in the muscle from either non-pregnant or pregnant WT mice using PR-B-specific antibody, but the PR-B isoform showed a dramatic increase in expression in SKM isolated from smtnl1 Ϫ/Ϫ mice (Fig. 4A) . In fiber typing experiments, PR-B expression was marginal in non-pregnant WT mice but showed discrete staining in all muscle fibers, including both type2a and type2b fibers in muscles isolated from pregnant animals (Fig. 4C) . In contrast, ER␣ expression was confined only to type2b fibers in both non-pregnant and pregnant SKM (Fig. 4D) . Notably, the expression of ER␣ was greatly enhanced in type2b fibers in muscles isolated from pregnant smtnl1 Ϫ/Ϫ mice (Fig. 4D) . A similar staining pattern was also observed in human SKM (Fig. 2E) . Moreover, the deletion of either ER␣ or ER␤ in mouse plantaris caused a significant increase in the protein expression level of SMTNL1 (Fig. 4F) , suggesting the regulatory role of estrogen on SMTNL1 gene expression. The discrete expression of ER␣ in type2b fibers-only implies a role for estrogen in mediating the fiber switching process during pregnancy.
To investigate whether SMTNL1 mediates many of its cellular effects on skeletal muscle adaptation through direct interactions with either ER or PR, we carried out co-immunoprecipitation experiments from skeletal (Fig. 4G ) muscle isolated from WT and smtnl1 Ϫ/Ϫ mice. SMTNL1 co-precipitated with native PR-B but not ER␣. In vivo interactions between these proteins were confirmed by repeating the IP experiments with antibodies to each of these proteins and Western blotting the IPs with anti-SMTNL1. Besides using SKM, we applied uterine smooth muscle extract as a positive control (data shown in our previous work in Bodoor et al. (12) , as it expresses both ER␣ and PR under normal conditions). Smtnl1-deleted tissues did not present any interaction with SMTNL1 itself by IP. IP of PR-B or ER␣ from skeletal and uterine smooth muscle extracts prepared from smtnl1 Ϫ/Ϫ mice showed an induction of both proteins. Similarly, although IP with ER␣ antibody demonstrated the presence of ER␣ and PR-B in the IP as expected, Western analysis with anti-SMTNL1 confirmed that it did not associate directly with ER␣ in vivo (Fig. 4G ). Although our data do not support direct interactions of SMTNL1 with ER␣, its increased expression observed after IP and Western analysis from smtnl1 Ϫ/Ϫ mice may reflect that PR suppresses the expression of ER␣ at the transcriptional level. In accordance with this mechanism, it was reported that both ER and PR mutually regulate each others' expression through transcriptionally controlled feedback mechanisms (19) .
Pregnancy Induces Metabolic Activity and Reduces Oxygen Consumption-One objective of this study was to determine whether the effects of pregnancy and SMTNL1 deletion on SKM phenotype in mice resulted in any changes of energy expenditure and/or feeding behavior. Pregnant or non-pregnant WT and smtnl1 Ϫ/Ϫ mice were housed in CLAMS apparatus, and metabolic measurements taken daily (Fig. 5, A-F) . During the study there was no significant difference in food intake among the four experimental groups (pregnant and nonpregnant WT and smtnl1 Ϫ/Ϫ mice; data not shown). Energy expenditure (VO 2 ), or the amount of energy an individual uses daily to complete all regular body activities, of fed and fasted non-pregnant WT and smtnl1 Ϫ/Ϫ mice was not significantly different among groups (Fig. 5, A and B) . VO 2 however, was significantly lower in the fed pregnant mice than in the fed non-pregnant mice. Interestingly, in fasted pregnant mice, both WT and smtnl1 Ϫ/Ϫ animals showed a smaller decrease in VO 2 than did those fed, suggesting an overall rescuing effect of pregnancy (Fig. 5, A and B) . Normally, increases in the RER indicates increased utilization of carbohydrates for fuel. Conversely, decreased RER indicates a shift toward fatty acid utilization. The RER of both non-pregnant and pregnant smtnl1 Ϫ/Ϫ mice was elevated in the fed state during the dark cycle (period of normal activity and feeding) compared with WT mice (Fig. 5, C  and D) , suggesting a hyper-metabolic shift toward carbohydrate utilization as fuel. RER was reduced in both the smtnl1 Ϫ/Ϫ and WT pregnant animals compared to non-pregnant animals, demonstrating that the smtnl1 Ϫ/Ϫ mice are able to efficiently shift substrate utilization (fats versus carbohydrates). RER data (Fig. 5, C and D) also revealed that there was an enhanced shift in substrate utilization in pregnant smtnl1 Ϫ/Ϫ mice because the shift in metabolism between fatty acids and carbohydrates dur- Genes were analyzed using the GeneGo software for obtaining pathway maps, biological networks, and diseases relevant to the study. JULY 17, 2015 • VOLUME 290 • NUMBER 29
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ing the diurnal cycles was more pronounced in the smtnl1 Ϫ/Ϫ pregnant mice. Non-pregnant smtnl1 Ϫ/Ϫ mice showed a marked decrease in activity during the dark cycle compared with WT mice, and this difference was more pronounced in the pregnant pairings (Fig. 5, E and F) . These findings suggest that although the smtnl1 Ϫ/Ϫ mice can shift their metabolic pathways, their metabolism is less efficient than WT littermates as they preferentially utilize carbohydrates for fuel. This preference was enhanced when the smtnl1 Ϫ/Ϫ mice become pregnant.
Effect of Pregnancy and SMTNL1 Deletion on Glucose Tolerance and on Insulin
Signaling-To address the response to glucose administration, we performed an intraperitoneal glucose tolerance test. We analyzed data from the glucose tolerance test by repeated measures of analysis of variance. Pregnant mice had higher blood glucose levels at the start of the experiment (87.5 Ϯ 29.95 mg/dl) than non-pregnant animals (57.0 Ϯ 17.55 mg/dl, p ϭ 0.007). Blood glucose levels increased sharply in smtnl1 Ϫ/Ϫ non-pregnant mice, whereas the increase was more moderate in smtnl1 Ϫ/Ϫ pregnant and WT mice (Fig. 5G) . The interaction terms were significant both between genotype and time (F ϭ 5.587, p Ͻ 0.001) and between status and time (F ϭ 6.996, p Ͻ 0.001), confirming that the effect of time on blood glucose levels differed between individuals of different genotype and status. In the genotype-time interaction, the linear term was significant (F ϭ 7.433, p ϭ 0.014), indicating that the 
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differences between KO and WT genotypes were similar at each measurement (Fig. 5G) . WT pregnant mice also had slightly but not significantly lower blood glucose levels than WT non-pregnant mice between 15 and 60 min. These results show that smtnl1 Ϫ/Ϫ non-pregnant mice have much lower glucose tolerance than smtnl1 Ϫ/Ϫ pregnant or WT mice, indicating that pregnancy increases glucose tolerance in KO mice to the level of tolerance in WT mice. Impaired glucose tolerance is associated with pronounced insulin resistance and at cellular level occurs in tandem with changes in key steps in the insulinsignaling cascade that regulates glucose uptake by SKM. Insulin receptor substrate 1 (IRS1) and the insulin-sensitive glucose transporter 4 (Glut4) are believed to be key elements of insulinsignaling in SKM (20) To verify the importance of pregnancy and SMTNL1 deletion in the development of insulin resistance, SQ-WB analysis was conducted on non-pregnant and pregnant plantaris tissues of WT and smtnl1 Ϫ/Ϫ mice, determining the protein expression of Glut4 and IRS1 (Fig. 5, H-I ). SMTNL1 deletion decreased the expression of Glut4 and IRS1 by 53 and 58%, respectively. Pregnancy attenuated IRS1 expression significantly but had no effect on the Glut4 expression level in WT animals. However, pregnant smtnl1 Ϫ/Ϫ animals exhibited an increase in both Glut4 and IRS1 expression in smtnl1 Ϫ/Ϫ animals. Our results suggest that the impaired glucose tolerance of smtnl1 Ϫ/Ϫ is the consequence of decreased Glut4 and IRS1 expression.
Discussion
Data presented herein suggest that pregnancy hormones such as progesterone and estrogen trigger the switching of SKM to a glycolytic phenotype through their respective nuclear receptors (Fig. 6) . We hypothesize that SMTNL1 plays a negative regulatory role on the transcriptional activity of PR and ER in SKM and that protein kinase A-or G-mediated signaling can influence this process specifically through the phosphorylation of SMTNL1 at Ser-301 (11). Functionally, therefore, SMTNL1 acts as a transcriptional repressor of PR in vivo, and the phosphorylation of SMTNL1 specifically inhibits this function (12) . Mechanistically this implies that the default function for SMTNL1 in non-pregnant animals is to repress PR function from promoting pregnancy-like adaptive responses in female SKM. Conversely, pregnancy (or adrenergic-induced signals) through Ser-301 phosphorylation relieves SMTNL1 inhibition of PR to promote appropriate changes in SKM gene expression resulting in switching to a more glycolytic phenotype. Intriguingly, protein kinase A-mediated signaling pathways have long been known to greatly affect both progesterone and estrogen signaling in vivo (21, 22) . However, our study is the first to suggest that cyclic nucleotide-mediated signaling pathways in SKM may also be related to the regulation of gene expression by SMTNL1 acting through PR and ER. 
The SMTNL1/PR-B Complex Presents a Homeostatic Feedback Mechanism Regulating the Expression of Each Other and of ER␣-Expression studies in smtnl1
Ϫ/Ϫ mice showed that PR-B and ER expression levels are strikingly regulated by intracellular levels of SMTNL1. Similarly, studies in ER␣ null mice showed that SMTNL1 expression was elevated in most tissues normally expressing the protein. Furthermore, SMTNL1 levels also closely followed progesterone levels throughout pregnancy. Together these findings suggest that SMTNL1 expression is closely linked to PR and ER and vice versa. The extent of The volume of oxygen consumed, ml/kg/h (VO 2 ) was measured over time. C and D, the RER is the respiratory quotient of the consumed oxygen and exhaled carbon dioxide (VO 2 /VCO 2 ), was calculated versus time of non-pregnant (C) and pregnant (D) mice. Heat production was measured (kcal/h) in light and dark cycles. E and F, the activities of non-pregnant (E) and pregnant (F) animals were measured as the unit of beam breaks. G, changes in blood glucose levels (mean Ϯ 1 S.E.) in smtnl1 ϩ/ϩ and -
, either pregnant or non-pregnant mice in increasing times followed by intraperitoneal glucose injection. H and I, expression of Glut4 (H) and IRS1 (I) in non-pregnant (NP) and pregnant (PRE) plantaris muscle. SMTNL1 deletion caused decreases in Glut4 and IRS1 expression and pregnancy partially rescued its effect. Protein expression levels were determined in non-pregnant and pregnant mice plantaris muscle by SQ-WB. n ϭ 4 -13/group. Data are presented as the mean Ϯ S.E. Results are expressed as the means Ϯ S.E. (n Ͼ 6 mice/group). #, p Ͻ 0.05; ***, p Ͻ 0.001 (repeated measures analysis of variance).
SMTNL1 involvement in this feedback mechanism is most dramatic in smtnl1
Ϫ/Ϫ mice with the observation that the expression of both PR and ER are greatly increased within specific muscle fibers in response to SMTNL1 deletion. The finding that ER␣ is specifically localized in type2b fibers suggests that these fibers are likely to be sensitive to estrogen when transitioned to glycolytic fibers. Interestingly, earlier work by others suggested that the expression of ER in SKM has a role in the development of muscle strength in humans (23, 24) . Because prior work from our group showed that SMTNL1 only interacts with PR-B and-A and not with either isoform of ER (12) , the altered ER expression observed in smtnl1 Ϫ/Ϫ mice most likely must be mediated through PR via a homeostatic feedback mechanism (25) , as PR and ER are known to mutually regulate the expression of each other. We, therefore, hypothesize that the differential localization and expression of SMTNL1, PR, and ER are key to the adaptation to pregnancy. We propose that under normal physiological conditions SMTNL1 is expressed in type2a fibers, where it represses the activity of PR. Because ER shows type2b-specific localization, this provides fiber-selective estrogen sensitivity. On one hand, circulating estrogen bound to ER might bind and repress the promoter of smtnl1, which provides an explanation to the low expression of SMTNL1 in type2b fibers in normal conditions and the increased SMTNL1 expression in ER␣-or ␤-deleted animals (Fig. 4F) . On the other hand, the increased number of type2b but a slight decreased number of 2a fibers detected in smtnl1 Ϫ/Ϫ SKM could be explained by the release of PR repression by SMTNL1 in type2a fibers.
The Effects of Pregnancy on Metabolic Pathways Related to Insulin
Resistance-Bioinformatics analysis of data from global gene expression and multidimensional proteomic analyses showed that pregnancy highly regulates sets of genes related to canonical pathways that play a role in glycolysis, gluconeogenesis, muscle contraction, and steroid biosynthesis as well as inflammatory responses, supporting our hypothesis of the manifestation of a glycolytic phenotype in pregnant SKM. The main profile of genes induced in smtnl1 Ϫ/Ϫ deletion was transcriptional regulation, suggesting a primary role of SMTNL1 in gene expression as genes such as PR and nuclear receptor subfamily 3-4 are regulated. The majority of pathways regulated in pregnancy were related to the mediation of insulin resistance (26) .Duringtheprogressionofnormalpregnancies,insulinresistance arises. Pronounced insulin resistance is associated with impaired glucose tolerance and with a high risk of gestational diabetes; however, the underlying mechanisms are not very well understood (27) . Redundant control mechanisms operate to maintain normal glucose homeostasis in SKM. Insulin activates the insulin receptor tyrosine kinase, which activates signaling partners such as PKB/Akt and stimulates the translocation of GLUT4 vesicles to the plasma. IRS1 protein expression was increased in smtnl1 Ϫ/Ϫ mice; moreover, pregnancy itself had a negative effect on IRS expression. Importantly, IRS expression is increased postpartum (20) , and overexpression of the protein in a spontaneous gestational diabetes is associated with the reversal of insulin resistance (28) . Pregnancy and SMTNL1 deletion are likely to regulate Glut4 expression through different pathways because smtnl1 Ϫ/Ϫ tissues showed significantly lower levels of the Glut4 protein, an effect rescued by pregnancy. Our results showed that ER and PR expression levels had a robust increase in pregnant and smtnl1 Ϫ/Ϫ tissues. Moreover, ER expression was related to a more efficient metabolic state, and ER KO animals presented overt insulin resistance (29) . Although these findings strongly suggest a better metabolic status of SMTNL1 knock-out mice, we found impaired metabolism in smtnl1 Ϫ/Ϫ mice. This controversy may be explained by the observation that circulating hormone levels influence the improvement of insulin resistance (26) and that the levels of circulating progesterone and estrogen decreased significantly during pregnancy (12) . Fig. 6 we suggest that pregnancy-induced fiber switching to a more glycolytic phenotype is a coordinated physiological response that may be at the heart of increased weight gain and generalized insulin resistance associated with normal pregnancy (Fig. 6) . By virtue of its mass, SKM dictates the overall caloric disposal of both glucose and free fatty acids. If the oxidative capacity of SKM is increased through endurance exercise, one reduces the risk of developing insulin resistance, and exercise alone can reverse the symptoms of obesity-induced type II diabetes. This is because the primary sites of free fatty acid oxidation in mammals are oxidative type I and Type2a SKM fibers. Conversely, if the type2a content of SKM is reduced, the ability to oxidize free fatty acid is also reduced, thereby increasing storage of fatty acid (FA) as triglyceride in adipose tissue. When oxidative capacity is reduced, the storage of FA as triglyceride is further exacerbated in the presence of high carbohydrate levels. This is because humans and most mammals derive much of their stored triglyceride via pathways of de novo FA synthesis FIGURE 6 . Schematic showing the molecular mechanism by which SMTNL1 regulates PR-B to coordinately promote skeletal muscle adaptations in response to pregnancy. In response to elevated steroid hormone, progesterone (S) levels SMTNL1 and PR-B enter the nucleus. In the non-pregnant state, SMTNL1 functions to repress PR-B activity; however, during pregnancy this inhibition is relieved and promotes activation of skeletal muscle-specific genes regulating the expression of metabolic and contractile proteins. This coordinated response adapts the mother's physiological state to support the weight gain originating from developing fetus. Switching to a glycolytic phenotype in skeletal muscle reduces the oxidative capacity of SKM, promoting increased storage of fatty acid (FA) and inducing an insulin-resistant state resulting in increased circulating glucose. PKA/PKG, protein kinase A/G. through the metabolism of glucose in adipose tissue and liver (30) . Excess fat and carbohydrate in the diet, therefore, provides an optimal environment for excessive weight gain, especially in sedentary individuals. We hypothesize that switching to a glycolytic phenotype in pregnancy, with a reduced oxidative fiber content of SKM, therefore, provides a molecular basis to explain increased weight gain and insulin resistance in pregnant females. We suggest that this is a normal response to pregnancy and infers the evolutionary advantage of enabling the mother to increase circulating glucose levels for proper fetal development as well as store fat more efficiently to meet the caloric demands of lactation. Our results also suggest that switching to a glycolytic phenotype infers an advantage by increasing the mother's physical strength. Type2b muscle fibers are associated with strength and resistance training such as seen with weight lifting. An increase in the mother's physical strength would much better enable her to manage the increased weight of the fetus in the latter stages of pregnancy. Importantly, in ϳ4% of all pregnancies, pregnancy-induced insulin resistance progresses to gestational diabetes. If pregnancy, therefore, promotes the transition to a more glycolytic phenotype as an evolutionary benefit, then this may render some women even more susceptible to developing gestational diabetes, especially under the influence of high energy Western diets.
How Might Pregnancy-induced Glycolytic Fiber Switching in Skeletal Muscle Contribute to Insulin Resistance-In
Finally, considering all our understanding of muscle physiology and its importance to health and well being, one might ask why pregnancy-induced fiber switching has not already been reported in the literature. A search of the current literature suggests that this may be because the majority of muscle studies to date have been carried out in males only. The experimental bias of studies toward male over female physiology is likely attributable to the commonly held belief that the estrous cycle introduces hard-to-explain variability in physiological processes in female animals. Indeed, in studies of female physiology, ovariectomized females are typically used to remove the oestrus-related aspects of physiology from the inquiry. As a result, many normal physiological responses relevant to female physiology get purposefully ignored. Although further investigation is certainly warranted, particularly non-invasive studies of SKM in pregnant women, our findings could indicate that important aspects of women's health are being missed due to an experimental bias. 
